Introduction
One of the direct methods for investigating gene function is to examine and characterize the phenotypic changes associated with loss-of-function gene mutations. Typical mutational methods, including the generation of point mutations or small deletions by chemical or fast neutron mutagenesis, are mostly used for forward genetics ( Østergaad and Yanofsky 2004 ) . Insertional mutagenesis is a useful method for constructing loss-of-function mutants and has the advantage that the mutations are tagged by known inserted fragments ( Parinov and Sundaresan 2000 ) . The publicly available mutant resources in Arabidopsis and rice are mostly insertion tagged lines, which facilitate fast and convenient sequence index analysis of tagged genes to investigate gene function. There are two popular types of tagged lines in plant research, transferred DNA-tagged (T-DNA-tagged) lines and transposon-tagged lines ( Krysan et al. 1999 , Ramachandran and Sundaresan 2001 ) . T-DNA-tagged lines have become a popular resource for studies of gene function, as they are readily generated in large numbers ( Krysan et al. 1999 ). In addition, with a transposon Activator ( Ac )/ Dissociation ( Ds ) system, it is possible to generate mutants with a high proportion of single-copy transposon insertions. This system requires the production of a large number of mutated lines for genome-wide coverage. In spite of this, the single insertion site in each line is easily determined, thereby simplifying the production and subsequent genetic analysis of a single gene knockout series ( Fedoroff and Smith 1993 ) . The availability of many plant mutant resources makes it practicable to carry out saturation mutagenesis of an organism followed by systematic phenotyping of the mutant lines.
Gain-of-function mutants are a separate set of tools with which to dissect the function of genes, especially of genes with functional redundancy, such as those in gene families. Gain-of-function mutants may represent a different spectrum of mutants that have not been isolated as conventional loss-of-function mutants . In contrast to the loss-of-function mutants that cause a recessive phenotype, gain-of-function mutants behave dominantly in their T 1 generation ( Weigel et al. 2000 , Bouche and Bouchez 2001 ) . A member of a gene family can produce a mutant phenotype without interference from other members of the family Meyerowitz 2000 , Nakazawa et al. 2001 ) . In this review we will discuss two techniques for phenome analysis of plant lines generated for gain-of-function mutant screening. The fi rst is activation-tagging technology, in which there is random insertion of a T-DNA containing four tandemly arranged copies of the caulifl ower mosaic virus ( CaMV ) 35S enhancer into the genome of the host plant. These enhancers activate genes proximal to the insertion site ( Weigel et al. 2000 ) . To construct a large mutant plant population, activation-tagging lines have been generated in Arabidopsis by in planta transformation via Agrobacterium infection. The second technology is the FOX (Full-length cDNA OvereXpressing gene) hunting system which is a novel alternative activation-tagging technology using full-length cDNAs (fl -cDNAs; Ichikawa et al. 2006 ). These two technologies have been developed in recent years to identify the genes responsible for mutants of the model plants Arabidopsis and rice, and during the generation of mutant resources for large-scale screening of mutant phenotypes. A number of activation-tagging lines of crop plants have also been developed.
The term 'phenome' was coined to encompass all of the information relating to any alteration in every omics phase, from genome to phenotype, of the organism. In this review, phenome is used to describe a data set from a large-scale phenotype analysis using various mutant resources for functional research into plant genomes. In Arabidopsis, it is possible to conduct a gene-based phenome analysis from loss-of-function studies by saturation mutagenesis ( Parinov and Sundaresan 2000 ) , and from gain-of-function studies by the FOX hunting system ( Ichikawa et al. 2006 ) . The status of research into rice has rapidly approached that of Arabidopsis ( Hirochika 2001 , Nakamura et al. 2007 ). Experimental techniques and information have increased to enable many other crops or vegetables to be studied, which is important as basic plant research is vital for the improvement of food supply and quality as well as for environmental considerations.
Saturation mutagenesis of Arabidopsis by insertional mutation
In Arabidopsis, the basic experimental methods for generating a series of insertional mutants have been developed, including transgenic techniques, marker selection and different parental crosses. Insertion mutations in Arabidopsis have been produced mainly using the T-DNA system or the transposon system, which make it possible to monitor the effects of insertional changes in a single gene ( Fig. 1 ). Other advantages of using Arabidopsis include self-pollination for maintaining progeny, and bulk storage of mutations in the form of seeds, which are not options in animal mutational models. It is now feasible to use insertion mutations to analyze every gene in the Arabidopsis genome. This makes Arabidopsis useful not only as a model organism for plant research, but also as the only multicellular organism in which it is currently possible to perform 'saturation mutagenesis' to create knockout strains for each gene.
Since completion of the sequencing of the Arabidopsis genome in 2000, several institutes around the world have been working to collect approximately 26,000 individual genes and to catalog the functional genomics of the entire Arabidopsis genome ( AGI 2000 , MASC 2008 . As a result, a large number of T-DNA or transposon-insertional lines have already been prepared for functional genomics in Arabidopsis. The use of both of these systems has resulted in random insertional mutations across the Arabidopsis genome, with many of the insertion sites known and available to search by the public ( Parinov et al. 1999 , Tissier et al. 1999 , Samson et al. 2002 , Sessions et al. 2002 , Alonso et al. 2003 , Rosso et al. 2003 , Kuromori et al. 2004 . The most popular sequence index mutant resource in Arabidopsis is that of the T-DNA insertion lines produced by the Salk Institute (USA), in which there is information on the insertional mutation sites of > 150,000 locations. When the mutant resources made by other institutes in the USA, the EU, Japan and others are added together, the information available on insertional locations exceeds 380,000 sites mapped on the genome of Arabidopsis ( Table 1 ). It has been reported by an international consortium that insertional mutants of almost all genes of Arabidopsis are now available ( MASC 2008 ) .
Phenome analysis of loss-of-function mutants of Arabidopsis
An early trial of large-scale phenotypic profi ling of T-DNA mutants was reported by Feldmann (1991) . More than 8,000 transformants of Arabidopsis were screened under a variety of growth conditions for visible alterations in phenotype. The mutants found were grouped into several general classes: seedling-lethals, size variants, pigment, embryo-defective, reduced-fertility, dramatic (morphological) and physiological. At this time, Feldman (1991) suggested the feasibility of developing a comprehensive collection of mutant lines in which each gene is tagged by an insertion.
A more gene-based trial of systematic phenotyping was undertaken using single-copy Ds transposon-tagged lines ( Kuromori et al. 2006 When the tag is inserted into a gene-coding region, that gene will be disrupted and lose its function. ( Kuromori et al. 2006 ) . Another trial that focused on phenotypes restricted to a particular organ has been performed. From an ethylmethane sulfonate (EMS)-mutagenized mutant population Berná et al. (1999) described a collection of rosette leaf-shaped mutants, belonging to 94 complementation groups. The phenotypes were classifi ed into 19 classes with representative examples ( Berná et al. 1999 ) . Horiguchi et al. (2006) obtained a more histological phenome data set for Arabidopsis leaves. They focused on the total number and fi nal size of leaf cells as a quantitative determinant of the leaf organ, and have isolated 205 Arabidopsis mutants with altered leaf size and/ or shape from X-ray-or γ -ray-irradiated M 2 populations and T-DNA-tagged T 2 populations ( Horiguchi et al. 2006 ).
In the SeedGenes project, a genome-wide examination of Arabidopsis mutants that give either defective embryo or seed developmental phenotypes has been undertaken ( McElver et al. 2001 , Tzafrir et al. 2004 . They listed 358 genes and 605 mutants in which the embryo phenotypes were subclassifi ed, mainly from large-scale T-DNA insertional mutant lines ( Table 2 ) . Simultaneously, these workers suggested a long-term goal to establish a complete collection of Arabidopsis genes that give a knockout phenotype . Many mutant phenotypes have already been described in the literature for a number of these genes. Taking into account all of these published data, the groundwork has now been done for generating a comprehensive mutant phenotype data set ( Fig. 2 ). An early effort to list the published mutant phenotypes has been executed by Meinke et al. (2003) . The Arabidopsis Information Resource (TAIR) recently started to assign the phenotype to each mutant allele (germplasm) and made the image records of the mutant phenotypes available online ( http:// www.arabidopsis.org/ , Swarbreck et al. 2008 ) . Since a major challenge of phenome analysis is to identify the mutant phenotype for every gene, the relevant phenotypic data extracted from the literature must be combined with mutant phenotyping to make this possible ( Fig. 2 ).
Loss-of-function mutants and large-scale phenotype analyses in rice and other plant species
Rice is another plant species in which the genome sequence has been completed, and provides an experimental model for monocotyledonous plants and crops ( IRGSP 2005 ) . As rice is easy to transform, T-DNA has been used successfully to generate insertional mutant lines . Insertional mutation systems employing transposons, including Tos17 , Ds and dSpm , have been used with success in mutational analysis of the rice genome. Therefore, the total number and variation of insertional mutant resources of rice are comparable with those of Arabidopsis ( Table 3 ) 
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Fig. 2
The concept of gene-based phenome analysis and construction of a comprehensive gene-mutant phenotype data set. One of the aims of phenome analysis is to identify the mutant phenotype for every gene and to establish a complete list of genes and mutant phenotypes. Phenotyping data of mutant resources and mutant phenotype information extracted from the published literature can be combined to make a comprehensive gene-mutant phenotype data set. ( Krishnan et al. 2009 ). The information on different sequence index-tagged mutant resources is integrated in the genome browsers of the Rice Annotation Project Database (RAP-DB) ( http://rapdb.dna.affrc.go.jp/ ) and the Salk Institute Genomic Analysis Laboratory (SIGnAL) ( http://signal.salk.edu/ ). Large-scale phenotype analysis has been reported in rice using several mutant resources. Using the TRIM (Taiwan Rice Insertional Mutants) population of T-DNA insertion lines, the visible phenotypes of 11 categories (growth condition, leaf color, leaf morphology, plant morphology, mimic response, tiller, heading date, fl ower, panicle, seed fertility and seed morphology), which were divided into 65 subcategories, were observed ). In the T 1 population, 4,065 lines had at least one clearly mutant phenotype, although these visible phenotypes included both knockoutand activation-type mutants, because the TRIM population contains a tri-functional T-DNA, giving the possibility of gene trap, gene knockout or activation tagging ).
From about 50,000 insertion lines with the endogenous retrotransposon Tos17 , phenotypes in the M 2 generation were observed in the fi eld and were characterized into 11 categories (germination, growth, leaf color, leaf shape, culm shape, spotted leaf/lesion mimic, tillering, heading date, spikelet, panicle, sterility and seed) that included 53 fi ner phenotype descriptors ). More agronomic traits (plant height, tillering ability, duration of growth, color of plant and stigma, seed weight per plant and seed set rate per plant) have been investigated for phenotypic characterizations using homozygous Ds lines ( Jiang et al. 2007 ) .
Several rice mutant phenotype databases are now available, including mutant populations of Tos17 -tagged lines , T-DNA-tagged lines ( Zhang et al. 2006 , Larmande et al. 2008 , and chemical-and irradiation-induced lines ( Wu et al. 2005 ) ( Table 2 ) . Again, it is important to integrate the phenotype information already published in order to establish a complete collection of gene-to-mutant phenotypes in model organisms. All of the known mutant phenotypes in rice are collated in an excellent review by Kurata et al. (2005) .
Insertional mutagenesis has been applied to other crops to generate mutants and carry out phenotype screens. In maize, 1,882 sequence index Mu -tagged mutant lines were generated ( Settles et al. 2007 ) . RescueMu is derived from the maize Mu1 transposon and provides strategies for maize gene discovery and mutant phenotypic analysis ( Fernandes et al. 2004 ) . The phenotype data of RescueMu mutated lines are available online in the Maize Genetics and Genomics Database (MaizeGDB) ( Table 2 ). In the model legume Medicago truncatula , retrotransposon Tnt1 -tagged mutant lines were generated, and visible phenotypic classes were observed in the preliminary screening of 3,237 Tnt1 lines ( Tadege et al. 2008 ) .
Insertional mutagenesis, using T-DNA or transposons, can be used in some experimental plant species, but they are less applicable to many grasses, where either a transgenic technique must be specifi cally developed or the large genome size prevents any manipulation. Chemical mutagenesis and the Targeting Induced Local Lesions IN Genomes (TILLING) method are applicable to many of these species and have come into widespread use ( Comai and Henikoff 2006 , Weil 2009 ). In these species, the phenotyping of mutant resources is fi rst evaluated before the identifi cation of insertion positions, in contrast to gene-based phenotyping.
In sorghum, visible phenotypes distinctive from the wild type were observed for 41 phenotype descriptions of an EMS-treated mutant population consisting of 1,600 lines planted in the fi eld. The validity of TILLING for gene identification was also discussed ( Xin et al. 2008 ) ( Table 2 ). In barley, visible phenotypes were scored from an EMS-treated population to make a web-accessible database ( Caldwell et al. 2004 ) ( Table 2 ). In tomato, a total of 13,000 M 2 families, derived from EMS and fast-neutron mutagenesis, were visually phenotyped in the fi eld and put into a morphological catalog that included 15 primary and 48 secondary categories ( Menda et al. 2004 ) ( Table 2 ). The database of genome to phenome is expanding to Solanaceae species ( Menda et al. 2008 ).
Activation tagging for phenomic analysis of gain-of-function mutants
In recent years, several gain-of-function-type mutant resources have been established and the activation-tagging technique is the most popular method used for their generation. The basic scheme for the generation of activationtagging lines is shown in brief in Fig. 3 . The activation-tagging technique was used to isolate cytokinin-independent mutants from 50,000 Arabidopsis calli ( Kakimoto et al. 1996 ) . They isolated the CKI1 gene, which endowed cytokininindependent growth, although it has been shown that CKI1 was unlikely to be the cytokinin receptor ( Aoyama and Oka 2001 ) . In accordance with the development of conventional in planta transformation methods, large numbers of activation-tagging lines have been produced ( Wenck et al. 1997 , Clough and Bent 1998 ) . Weigel and colleagues fi rst generated approximately 25,000 activation-tagging lines with pSK1015 and pSK1074 that possessed resistance to the herbicide glufosinate ( Weigel et al. 2000 ) . By screening approximately 25,000 lines, they identifi ed 23 (0.1 % ) dominant mutants with dramatic morphological phenotypes ( Table 4 ). These mutants were identifi ed as activationtagged loci in the Arabidopsis genome, and the distances between the inserted loci of the activation T-DNAs and the corresponding genes were in the range of 0.4 to 3.6 kb. The enhancer affected genes on both sides on the insertion ( Weigel et al. 2000 ) .
Nakazawa and colleagues have also generated an activation-tagging population ( Table 4 ) . They generated 55,000 activation-tagging lines and from these lines they obtained many mutants showing various criteria, including rosette color, number of leaves before bolting, width of leaves, length of petiole, plant height, shape and number of cauline leaves, fl ower shape, number of fl ower organs, fl owering time, fertility and branching of shoots . A total of 1,262 lines that showed any morphological phenotype in their T 1 generation were isolated from the lines, giving a frequency of 2.3 % . The distances between the enhancer sequence and the corresponding start codon of activated genes were between 0.7 and 8.2 kb .
T-DNA insertions are often complex, and characterization of multiple inverted or tandem copies or truncated T-DNA inserts often makes molecular analysis diffi cult ( Nacry et al. 1998 ). To circumvent this problem, several groups use the single copy transposon tagging system ( Tisser et al. 1999 ) . Activation tagging using the maize transposon system, Enhancer-inhibitor ( En-1 ) or Enhancer/Suppressormutator ( En/Spm ), has been established ( Wilson et al. 1996 , Marsch-Martinez et al. 2002 , Schneider et al. 2005 . Marsch-Martinez et al. (2002) generated a population of about 8,300 independent stable activation-tagging lines using Wassilewskija (WS) and Landsberg erecta (L er ) accessions. Upon examination of 2,900 insertion lines, 31 dominant mutants were found, giving a frequency of approximately 1 % . Another group used the maize transposon system for the generation of a transposable element-mediated activation-tagging mutagenesis in Arabidopsis (TAMARA) ( Schneider et al. 2005 ) ( Table 4 ). They produced 9,471 stable activationtagging lines harboring close to 6,000 independent transposable elements. Approximately 0.1 % of activation-tagged lines showed visible dominant phenotypes including fl ower shape, fl owering time, dwarfi sm, bushiness, shape of rosette leaves, length of internode and fertility. They also screened a non-visible phenotypic mutant by an HPLC-based highthroughput method for phenolic compounds ( Schneider et al. 2005 , Gigolashvili et al. 2007 .
Recently, a new activation-tagging method has been developed and applied to Arabidopsis. A system using pEnLOX/pCre requires two plasmids, pEnLOX that contains tetrameric CaMV 35S transcriptional enhancers fl anked by ( Table 4 ). More than 100 mutants have been isolated from the activation-tagging lines (acceptors, named the E-lines) containing the pEnLOX, and 10 helper lines (donors, named the C-lines) containing pCre have been generated. By crossing the E-lines with the C-lines, reversion of the mutants to the wild-type phenotype occurs owing to the removal of the CaMV 35S enhancers from the E-lines. Using the pEnLOX/pCre system, they have successfully obtained the reverted transformant of a mutant phenotype with small, pale green-colored rosette leaves and decreased fertility. This method may be used as a convenient system to identify easily the corresponding gene of the phenotypic activation-tagged line. Activation tagging has also been applied to rice. In recent years, a number of rice activation-tagging lines have been generated and used for exploring functional rice genes. Over 47,000 rice T-DNA insertion lines using japonica rice have been established ( Oryza sativa cv. Dongjin or Hwayoung) ( Jeong et al. 2002 ) ( Table 4 ). The authors used a construct, termed pGA2715, for promoter trapping and CaMV 35Sdriven activation tagging of rice genes, and have isolated nine dominant mutants from 3,290 independent pGA2715transformed seedlings ( Jeong et al. 2002 ) . They also obtained 27,621 fl anking sequence tags (FSTs) from 41,234 lines. The sequences obtained were mapped on the rice genome and activation-tagging patterns near the inserted enhancer were analyzed. Half of the lines tested showed enhancement of tagged genes ( Jeong et al. 2006 ). It should be noted that transcriptional enhancers have been shown to activate the expression of genes located up to 10.7 kb from the activation enhancer. Wan et al. (2009) performed phenotypic analysis of 50,000 individual activation-tagged rice plants that harbored pER38, a plasmid containing tandemly arranged double CaMV 35S enhancers. They identifi ed about 400 dominant mutants, showing visible phenotypes (sterility, dwarfi sm, overgrowth, early fl owering, late fl owering, light green leaf, leaf angle, lesion mimicking, radical growth, curled leaf, early senescence, late senescence and overtillering), from 6,000 T 0 generation plants and 36,000 T 1 generation plants. The frequencies of visible phenotypes identifi ed were 2.1 and 6.4 % , respectively.
Activation tagging can also be used for identifi cation of novel genes that have not been informatically annotated. The CaMV 35S enhancer in T-DNA constructs when integrated into the plant genome may activate both coding and non-coding genes neighboring the site of insertion. For example, activation of new gene transcripts of microRNA (miRNA) has been reported, including their involvement in leaf shape structure ( Weigel et al. 2000 , Palatnik et al. 2003 ).
The FOX hunting system, a novel gain-of-function approach for plant phenome analysis
The activation-tagging system is useful to construct a largescale gain-of-function mutant population, but this system has some disadvantages because the effects of inserted transcriptional enhancers in the genome are subject to changes in more than one gene located near the enhancers . For the past few years, fl -cDNA clones of several plant species have been collected , Kikuchi et al. 2003 . The Arabidopsis fl -cDNA population termed 'RIKEN Arabidopsis full-length (RAFL) cDNA clones' was collected and sequenced . Using these fl -cDNA resources a novel gain-of-function-type approach, the FOX hunting system, was developed ( Ichikawa et al. 2006 ). In this system fl -cDNAs are randomly expressed in Arabidopsis plants and these transformed lines are termed FOX lines.
The scheme of construction of the Arabidopsis FOX lines is shown in brief in Fig. 4 ( Ichikawa et al. 2006 ). About 10,000 independent Arabidopsis fl -cDNAs were mixed at an almost equal molar ratio to generate a fl -cDNA library, and 15,000 Arabidopsis FOX lines were generated ( Table 4 ). These fl -cDNAs were transferred to a plant expression vector to generate the Agrobacterium library (FOX Agrobacterium library). Each Arabidopsis fl -cDNA was transformed into Arabidopsis (Columbia accession) by the fl oral dipping method. Each Arabidopsis FOX line that was generated contained on average 2.6 cDNA clones as detected by Southern blot analysis, and their mean size was 1.4 kb within the range of 0.3-4.2 kb ( Ichikawa et al. 2006 ). The average size and range of the cDNA distribution was quite similar to that observed in 277 randomly chosen Arabidopsis fl -cDNAs ( Ichikawa et al. 2006 ) . The FOX hunting system is useful for systematic phenomic analysis of the function of each inserted gene. The visible phenotypes included alterations in visible morphology, growth rate, plant color, fl owering time and fertility. The appearance of morphological mutants in the Arabidopsis FOX lines (9 % of total plants transplanted) was higher than that of the RIKEN activation-tagging lines (2 % of total plants transplanted). The visible phenotypic lines were found in 1,487 T 1 generation lines, and these phenotypes were regenerated in 23 % of approximately 1,000 T 2 progeny, which showed dominant or semi-dominant phenotypes (unpublished data).
As one of the applications of this system is to elucidate stress-related gene function, a FOX library focused on stressinducible transcription factors was developed (mini-scale FOX system) and analyzed ( Fujita et al. 2007 ). The Arabidopsis fl -cDNAs of 43 stress-inducible transcription factors were mixed and 224 plants with inserted fl -cDNAs were generated and salt-tolerant lines that stayed green under highsalinity conditions were obtained. The FOX hunting system in which Arabidopsis is the host plant has an additional advantage in that it can be used to elucidate the function of genes from other organisms. Arabidopsis has a high transformation effi ciency and a short generation time. By introducing fl -cDNAs from other organisms (e.g. crops), gene function can be characterized in a short time.
More than 28,000 independent rice fl -cDNAs have been collected by the National Institute of Agrobiological Sciences (NIAS) ( Kikuchi et al. 2003 ) . Using approximately 13,000 independent rice fl -cDNAs, rice FOX Arabidopsis lines were generated. These are Arabidopsis transgenic lines expressing rice fl -cDNAs under the control of the CaMV 35S promoter ). Kondou and colleagues have generated > 23,000 independent rice FOX Arabidopsis lines ( Table 4 ). Each plant contains on average 1.1 rice fl -cDNAs as detected by PCR and their size distribution is 0.5-4.5 kb. The rice FOX Arabidopsis lines were used for large-scale phenotype screening. They were screened for several traits including: visible phenotype, photosynthetic activity, element accumulation, pigment accumulation, hormone profi les, secondary metabolite composition, bacterial and fungal resistance, salt and high temperature tolerance, UV resistance and high light tolerance. For the visible phenotype mutants, 1,297 (5 % ) mutant candidates were isolated from 23,715 T 1 rice FOX Arabidopsis lines. Rice fl -cDNAs recovered from these mutants were introduced into wild-type Arabidopsis and about half of them represented the same phenotypes (48 % ) (unpublished data). Some of these rice fl -cDNAs were introduced into rice and produced the same phenotypes observed in the rice FOX Arabidopsis lines (22 % ) (unpublished data). Therefore, this method of heterologous gene screening by the FOX hunting system can be used for plants with low transformation effi ciency and long generation times. Recently, a high temperature mutant and a high salinitytolerant mutant isolated from the rice FOX Arabidopsis lines have been characterized in detail ( Yokotani et al. 2008 , Yokotani et al. 2009 ). The FOX hunting system can be applied to rice. Approximately 12,000 rice FOX rice lines that express rice fl -cDNAs in rice were established ( Nakamura et al. 2007 ) ( Table 4 ). Each line contained 1.04 rice fl -cDNAs on average, and the average size was 1.66 kb ( Nakamura et al. 2007 ). The range of distribution of fl -cDNAs integrated into 238 rice FOX rice lines was similar to the average size of the original rice fl -cDNA library (1.99 kb) ( Nakamura et al. 2007 ). Visible mutation was observed at the T 0 stage. The visible phenotypes were the same as the 53 phenotype descriptors belonging to the 12 classes in the Tos17 insertion lines, as described above, and eight possible phenotypes related to the characteristics of callus, regenerants and roots. As a result 1,496 out of 9,021 lines (16.6 % ) had altered phenotypes. Phenotypes seen in the rice FOX rice lines included dwarf, weak and lethal, dropping leaf and pale green, lesion mimic, growth promotion, green callus, narrow leaf and high tillering. Both the rice FOX Arabidopsis lines and the rice FOX rice lines are available to identify and explore the function of rice genes. The combined use of these two lines should lead to increasingly efficient analysis of rice gene function.
Phenotype changes associated with the FOX lines are caused by the inserted gene because the fl -cDNA is expressed in the correct orientation between the CaMV 35S promoter and the NOS terminator ( Taji et al. 2002 , Ichikawa et al. 2006 . Recently, fl -cDNA clones from many plants including soybean, cassava, poplar and Cryptomeria japonica have been collected ( Nanjo et al. 2007 , Futamura et al. 2008 , Taji et al. 2008 , Umezawa et al. 2009 ). The FOX hunting system may also be an alternative method for these plants to obtain gain-of-function mutants.
Resources and databases relating to gain-offunction mutants
The RIKEN activation-tagging lines ( http://activation.psc. database.riken.jp ) and the Arabidopsis FOX Arabidopsis lines ( http://nazunafox.psc.database.riken.jp ) have been sequenced for their T-DNA insertion sites and inserted fl -cDNAs, respectively ( Table 4 ). These mutant databases also contain information based on visible phenotypes, which are classifi ed into eight categories (adult plant, root, rosette leaf, cauline leaf, stem, fl ower, silique and seed) including 24 subcategories. The database for rice FOX Arabidopsis lines (rice FOX database; http://ricefox.psc.riken.jp/ ) contains data on mutant lines isolated from the rice FOX Arabidopsis lines ( Table 4 ).
The TAMARA lines are available as a public resource to researchers through the Nottingham Arabidopsis Stock Centre (NASC) ( Schneider et al. 2005 ) ( Table 4 ). The John Innes Centre (JIC) activate lines that comprise 972 individual lines are also available through NASC ( Table 4 ).
In rice, two databases of activation-tagging lines are available. One database was produced by Jeong et al. (2006) ( http://an6.postech.ac.kr/pfg ) ( Table 4 ) and contains data for the FSTs of inserted lines. The other database was produced by Hsing et al. (2007) and is termed TRIM ( http:// trim.sinica.edu.tw/ ). Researchers can search the TRIM database by locus, annotation, line number and blast, putative knockout or activated gene with keyword, or plant/seed phenotype, and the TRIM database provides genetic segregation data ( Table 4 ). Updated information on these databases can be obtained from the Rice Functional Genomic Express Database (RiceGE) ( http:// signal.salk.edu/cgi-bin/RiceGE ).
Phenomic analysis for other plant species using gain-of-function mutants and its application to crop plants
Besides Arabidopsis and rice, activation-tagging lines have also been generated in other species. Mathews et al. (2003) reported on the development of tomato activation-tagging lines. To identify genes that regulate metabolic pathways, they generated 10,427 independent insertion lines and found 1,338 (13 % ) lines with visible phenotypes, including alterations in fruit color and shape. Imaizumi and colleagues constructed T-DNA insertional lines of a model legume, Lotus japonicus , using a multifunctional vector for activation tagging ( Imaizumi et al. 2005 ) . They generated > 3,500 T-DNA insertion lines, and in the T 0 generation identifi ed 45 (1.5 % ) possible dominant mutants with abnormal visible phenotypes with respect to aerial parts (nitrogen starvation syndrome, anthocyanin overaccumulation and strange leaf shapes), nodules (low, ineffective, small or big nodulation) and roots (thick root).
An activation-tagging system in barley has been generated, highlighting a case involving a monocot crop. The maize Ac/Ds transposable element system, which has a modifi ed Ds element ( UbiDs ) containing two maize polyubiquitin promoters, was used ( Ayliffe et al. 2007 ). The authors have generated activation-tagging lines and confi rmed the enhancement of gene expression. In other cases, there are reports on the generation of activation-tagging lines in Catharanth roseus , petunia, poplar and soybean ( van der Fits and Memelink 2000 , Zubko et al. 2002 , Busov et al. 2003 , Mathieu et al. 2009 ). The lines of soybean are available in the GmGenesDB ( http://digbio.missouri.edu/gmgenedb/ ) ( Table 4 ).
Recent phenome analysis approaches and phenotyping parameters
Up to this point, the phenome trials have primarily examined the morphological characteristics of external appearance or visible phenotypes, which is only one of the criteria required for a phenome data set. Indeed, Bouche and Bouchez (2001) reported that fewer than 2 % of T-DNA lines displayed signifi cant morphological alterations. Also, about 3 % of the observed mutants were found to have clearly visible phenotypes in aerial organs in transposon-tagged lines ( Kuromori et al. 2006 ) . The proportion of clear visible phenotypes from gain-of-function mutant resources is also limited ( Weigel et al. 2000 , Ichikawa et al. 2006 ). Therefore, we might reveal other phenotypes if we could extend the phenotyping.
How do we handle the many phenotyping criteria required for integrated phenome information? We propose three categories of measurement to search for various traits for total phenome analysis: physical, chemical and biological ( Fig. 5 ). The visible phenotype is a physical measure that can be found through macroscopic observation of the plant. Other phenotypes are classifi ed as non-visible phenotypes, for example physical features at the cellular level that cannot be determined without instruments (microscopic physical phenotypes), biochemical changes not externally visible as morphological abnormalities (chemically measured phenotypes) and phenotypic responses to different growth conditions or stresses (biologically measured phenotypes) ( Fig. 5 ).
Insertion-tagged mutant lines with homozygous insertional mutations are currently being constructed from the original T-DNA-tagged lines ( http://signal.salk.edu/gabout. html ) ( Alonso and Ecker 2006 ) and the Ds transposontagged lines ( http://www.brc.riken.go.jp/lab/epd/Eng/catalog/transp.shtml ). Knockout or knockdown mutants usually show recessive characteristics for the mutant phenotype, so it is often diffi cult to detect the non-visible phenotypes from a heterozygous mutant pool, although it may be possible to detect their visible phenotype. Homozygous insertional mutation lines will be a novel resource of gene knockout systems to investigate non-visible phenotypes ( Fig. 5 ). The original gain-of-function resources are also effi cient in detecting non-visible phenotypes, because such phenotypes are dominant in nature. Once the phenotypes are obtained in any generation, a candidate gene can be readily confi rmed by re-transforming into wild-type plants ( Fig. 5 ). Many dominant mutants, which showed non-visible phenotypes, were isolated from rice FOX Arabidopsis lines ).
Finer evaluation using digital technology provides another possibility for obtaining data for more quantitative traits. For example, Boyes et al. (2001) reported an automated monitoring system for digital evaluation of phenotypic fi ngerprints. They presented the possibility of time-course analysis based on a series of defi ned Arabidopsis growth stages. In addition, several institutes have developed automated platforms for Arabidopsis phenomic approaches ( Granier et al. 2006 , Walter et al. 2007 . Also an automatic imaging system has been applied to growth monitoring of rice ( Ishizuka et al. 2005 ) . These procedures may be used as methods for quantifying the physically measurable traits ( Fig. 5 ).
Metabolite profi ling is one of the derivative phenome analyses utilizing a chemically measured method for assaying biochemical changes in plant cells ( Fiehn 2002 ) . Recently, homozygous mutant lines were utilized for metabolic phenotyping of a subset of Ds transposon-inserted lines of Arabidopsis ( Matsuda et al. 2009 ). This examination resulted in identifi cation of the functions of about 70 genes involved in glycosylation of fl avonoids. Homozygous T-DNA lines are also used for the 'Ionomics' approach ( Baxter et al. 2007 ). This approach is another high-throughput phenotyping technology used to detect the composition of chemical elements in an organism ( Baxter et al. 2007 ). Additionally, a large population of gain-of-function Arabidopsis suspensioncultured T87 cells transformed with Arabidopsis fl -cDNAs have been generated for metabolomics research by Ogawa et al. (2008) . Non-targeted metabolic profi ling analysis using 
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Re-transformants of Single Gene Fig. 5 Scheme for the application of mutant resources to phenome analysis. Three phenotypic categories, physical, chemical and biological measurements, are used to search for various traits for total phenome analysis. Phenotypes described by physical measurement consist of macroscopic phenotypes detected by visible observations and microscopic phenotypes detected by observations using specialized equipment. Phenotypes categorized by chemical measurement are biochemical phenotypes, for example metabolite profi ling. Phenotypes observed through biological measurement are conditional phenotypes revealed by environmental changes or stress treatments. Of the mutant resources available, the tag-line original resources, which are usually heterozygous for the insertion, are amenable to visible observation but often not to non-visible observation. Plants homozygous for the insertion can be selected from the original tag-line resources and will be a novel resource of homozygous (knockout-type) mutants, which are useful to detect non-visible phenotypes. In addition, homozygous insertion lines will be the starting material to produce multiple homozygous insertion mutants, which can be applied to phenotyping again. The original gain-of-function resources, which are heterozygous, can be analyzed in all three phenotypic categories. To confi rm the phenotype of an isolated mutant, the candidate gene must be isolated and re-transformed. Re-transformants of the single gene can then be phenotyped.
several techniques is useful for investigating the chemically measured phenotype of mutant lines ( Fig. 5 ). Such homozygous mutant lines and the FOX lines will be useful in the systematic gene-based phenotyping of nonvisible phenotypes. This includes even relatively weak phenotypes, which cannot be detected by traditional genetic screening. In addition, homozygous mutant lines will yield materials for gene knockout systems that can not only be applied one-by-one in phenotypic analysis, but can also be useful in generating double mutants and multiple mutants ( Fig. 5 ). Sharing the phenotypic information between both loss-of-function mutants and gain-of-function mutants can be helpful for phenome analysis.
Comparable and complementary use of the loss-of-function and gain-of-function approaches
We have described the many mutant resources including loss-of-function and gain-of-function mutants that have been generated in model plants and expanded for use in various plant species. Large-scale phenotype analysis has progressed by using these different kinds of mutant resources. Such resources are useful to study gene function, and provide the possibility of complementary usage of alternative mutational resources. Basically, loss-of-function mutations are stably inherited and insertion mutagenesis makes saturation mutagenesis practicable. Genome-phenome analysis based on mutant resources will be possible, as has been demonstrated in Arabidopsis and rice. When phenotypes are found in loss-of-function mutants, the gene directly causing the phenotype can be isolated. However, very few lines show clear phenotypes, especially as the result of a single gene mutation, because of the functional redundancy of duplicated genes or gene families; 65 % of the predicted proteins in the Arabidopsis genome belong to gene families with more than two members ( AGI 2000 ) . In contrast, gainof-function mutations can overcome the problems caused by gene redundancy or phenotypic lethality ( Weigel et al. 2000 , Tani et al. 2004 . Once the effect of the induced gene has been proven, the results obtained can be swiftly applied to research in crops or vegetables. However, if we have a clear mutant phenotype in a gain-of-function mutant, it is not easy to discuss the biological gene function, in contast to loss-of-function mutants, because the phenotypes obtained from gain-of-function mutants could be caused by ectopic expression of the overexpressed genes. Therefore, the phenotypes in gain-of-function mutants should be carefully analyzed. The possibility of gene silencing caused by cosuppression of the corresponding gene through multiple generations should also be taken into account when analyzing such gain-of-function phenotypes ( Weigel et al. 2000 ) .
In addition to insertional or point mutations, chimeric repressor silencing technology (CRES-T) was reported as a novel method for introducing loss-of-function mutations for the analysis of redundant plant transcription factors ( Hiratsu et al. 2003 ) . This method provides the missing link between loss-of-function and gain-of-function mutants, because loss-of-function phenotypes induced by CRES-T can be dominant, although the molecular mechanism of the repression is unknown. The phenotypic information obtained from the application of CRES-T in Arabidopsis and six fl oricultural plants is stored in a web-based interface ( Mitsuda et al. 2008 ) ( Table 2 ). RNA interference (RNAi) is another possible method to overcome the diffi culties posed by gene redundancy and to generate phenotypes using a multigene knockdown procedure. Systematic preparation of vectors and RNAi resources for Arabidopsis genes is progressing in the AGRIKOLA (Arabidopsis Genomic RNAi Knock-out Line Analysis) consortium ( MASC 2008 ) .
In this review, we have described recent trials of largescale phenotype analyses using loss-of-function or gain-offunction mutants. It will be intriguing to see how much the phenotypic population analyzed by phenome approaches differs when using the two different types of resources. Curiously, many mutants were assigned as having epinastic leaves in phenotypic data from activation-tagging lines, whereas only hyponastic leaf mutants were registered in the database of transposon-tagged lines , Kuromori et al. 2006 . As another example, several mutants had overgrowth phenotypes (taller plants or high fertility) in activation-tagging lines, whereas very few such mutants were found in transposon-tagged lines , Kuromori et al. 2006 ). This tendency might originate from distinct mutant types, which are repressed by loss of function or overexpressed by gain of function.
The mutant phenotypes induced by loss of function and those by gain of function will often be complementary to each other. In particular, if opposite phenotypes are found in loss-of-function and gain-of-function mutants of one gene, this fi nding would provide information as to the function of the gene. In general, both approaches should be considered, because any phenotypic data provide valuable information on gene function. The combined data from the two types of mutants will facilitate the identifi cation of gene function, and the availability of both loss-of-function and gain-offunction mutant resources can be expected to lead to profound advances in phenome analysis.
